Activated phosphoinositide 3-kinase (PI3K) and its downstream target Akt are essential for the ®broblast transformation induced by many viral products. Tax, encoded by human T-cell leukemia virus type I (HTLV-I), has been demonstrated to induce the transformation of rat ®broblast Rat-1 cell through NF-kB activation. By stable transfection of Rat-1 cells with expressing constructs of Tax and its mutant M47, which is defective in HTLV-I LTR transactivation, we selected their transformed clones, which have characteristics of NFkB activation and colony formation beyond the cell monolayer (a malignant phenotype). However, these two characteristics in the transformed clones of Tax and M47 disappear after these cells have been treated with wortmannin, a speci®c inhibitor of PI3K. Further, increased activity of the PI3K/Akt is observed in the transformed clones of Tax and M47 as compared to the clones of empty vector Neo and the M148, which is defective in NF-kB activation and cell transformation. Increased activity of PI5K is present in the transformed clones of both Tax and M47 and in the M148 clone as compared to that in the Neo cell. It is known that the eciency of Tax-induced cell transformation is not high; a minority of Tax-expressing clones show transformation, although the majority of Tax-expressing clones show activated NF-kB. A Tax-expressing, nontransformed clone after transfection with an active form of the catalytic subunit of PI3K, p110a, becomes transformed. Consistent with these results, a Tax highlyexpressing human T-cell line MT2 exhibits both higher polyphosphoinositide turnover and higher activities of PI3K and PI5K than those of Jurkat or MT1 and HTLV-I-negative and a Tax-unexpressing cell line, respectively. These results demonstrate that the activation of the PI3K/Akt signaling pathway, excepting for the NF-kB, is also required for the cell transformation induced by Tax. Oncogene (2001) 20, 2514 ± 2526.
Introduction
Human T-cell leukemia virus type I (HTLV-I) preferentially infects and sequentially transforms CD4 + T lymphocytes into acute malignant cells; which process causes adult T-cell leukemia (Poiesz et al., 1980; Hinuma et al., 1981; Yoshida et al., 1982) . In the tumorigenesis of the HTLV-I, Tax, a 40 kDa oncoprotein encoded by the viral genome (Fujisawa et al., 1985; Giam et al., 1986; Beimling and Moelling, 1989; Grossman et al., 1995) , is thought to play a critical role. Conclusive evidence includes ®ndings that Tax activates a transcriptional factor, NF-kB, which governs the transcription of an array of cellular genes including in¯ammatory cytokines, T-cell growth-related factors, and protooncogenes (Ruben et al., 1988; Sun and Ballard, 1999) . The persistent rather than transient activation of NF-kB by Tax is thought to be critical in cell malignant transformation. Evidence supporting this hypothesis includes studies involving Tax mutants that are selectively defective for the NF-kB activation (Akagi et al., 1997; Iwanaga et al., 1999; Robek and Ratner, 1999; Yamaoka et al., 1996) . This hypothesis is further supported by the ®nding that the majority of Tax-immortalized or -transformed primary human T lymphocytes and tumor cells from mice transgenic for tax display a constitutive NF-kB activation (Arima et al., 1991; Coscoy et al., 1998; Lacoste et al., 1995; Mori et al., 1999) . We previously demonstrated that the NF-kB activity inhibition by its antisense arrest approach suppressed the growth of Tax-transformed cells both in vitro and in vivo (Kitajima et al., 1992) .
However, how Tax engages host signaling pathways at multiple levels in order to elicit persistent NF-kB activation remains unclear. It is known that the NF-kB activation by Tax is accomplished through a serial activation event mediated by the cytoplasmic form of Tax. Tax recruits IkB kinase-g (IKKg) to assemble an IKK signal complex, which contains catalytic IKKa and IKKb and noncatalytic IKKg, the latter of which functions as a molecular adapter in the assembly of the Tax/IKK complex (Chu et al., 1999; Harhaj and Sun, 1999; Jin et al., 1999 ). An IKK kinase triggers phosphorylation and activation of the IKKa and/or IKKb, resulting in the phosphorylation of IkB, which is in turn targeted for degradation by the 26S proteasome and thereby releases the sequestered NFkB (Geleziunas et al., 1998; Nicot et al., 1998; Li et al., 1999) .
Recently, some data have demonstrated that NF-kB activation by TNF-a in serum-starved embryonic kidney 293 cells (Ozes et al., 1999) or by plateletderived growth factor in human or rat ®broblasts (Romashkova and Makarov, 1999) occurs through another signaling pathway. In this other pathway, the IKKa is phosphorylated and activated by a serine/ threonine protein kinase, termed PKB/Akt, which is activated by its upstream phosphoinositide-3 kinase (PI3K) (Datta et al., 1999; Duronio and Scheid, 1998; Franke et al., 1997; Hemmings, 1997) . One line of evidence has demonstrated that the activated Akt directly phosphorylates the p65 (RelA) subunit of NF-kB (Madrid et al., 2000) ; it is known that phosphorylated p65 is necessary for NF-kB-driven gene transcription.
The PI3K is a heterodimer composed of a p85 regulatory subunit and a p110 catalytic subunit (Hiles et al., 1992) . It phosphorylates phosphoinositides at the D3 position on the inositol ring, yielding PI3P, PI3, 4P 2 and PI3,4,5P 3 . The PI3, 4P 2 or PI3,4,5P 3 in some cell types (Liu et al., 1999) binds to the pleckstrin homology (PH) domain of PKB/Akt and recruits the Akt to the plasma membrane, where the Akt undergoes a conformational change and becomes phosphorylated by polyphosphoinositide-dependent kinase 1 (PDK1). The resulting activation of the PI3K/Akt signaling pathway prevents many cells from undergoing apoptosis (Duronio and Scheid, 1998; Franke et al., 1997; Hemmings, 1997) , and promotes the dierentiation of myoblast C2C12 cells, which is induced by insulin-like growth factor-1 (Rommel et al., 1999) . Moreover, this signal pathway activation is required for malignant transformation such as that in Akt-induced chicken embryo ®broblasts (Aoki et al., 1998) , Ras-mediated NIH3T3 ®broblasts (Osada et al., 1999) , and virusencoded oncoprotein-mediated chicken embryo ®bro-blasts (Akagi et al., 2000; Penuel and Martin, 1999; Skorski et al., 1997) . Further, the catalytic subunit of PI3K encoded by a gene termed pI3k and the regulatory subunit of PI3K encoded by a PI3K mutant gene termed p65-PI3K have been identi®ed as oncoproteins in ovarian cancer (Shayesteh et al., 1999) and in mammalian tumor development, respectively (Jimenez et al., 1998) . Moreover, recent data con®rms that the catalytic subunit of PI3K, p110a, is essential for oncogenicity (Aoki et al., 2000) . These ®ndings raise the possibility that this PI3K/Akt signaling pathway may be related to the cell transformation induced by Tax.
A typical example of the cell transformation induced by Tax in vitro is that of rat ®broblast Rat-1-cells. The Rat-1 cell transformation by Tax requires NF-kB activation, because a Tax transformation-defective mutant, termed M148, which is derived from the single base mutation at the 148 codon (Gly?Ala), fails to transform the Rat-1 cell due to a de®ciency in NF-kB activation (Yamaoka et al., 1996) . Another Tax mutant, termed M47, which is derived from double base mutations at the adjacent codons of 319 and 320 (Leu-Leu?Arg-Ser), yields an eect opposite that of M148 in terms of NF-kB activation and Rat-1 cell transformation (Yamaoka et al., 1996) . The transformed Rat-1 cells by Tax or M47 can form focus colonies beyond the cellular monolayer and in the soft agar. However, the eciency of Tax-induced cell transformation is not high; the majority of Tax-transfected cells are susceptible to apoptosis after being deprived of serum or treated with an apoptotic inducer (Yamada et al., 1994; Kao et al., 2000) , although the activated NFkB emerges in these transfected cells. This phenomenon is present in the transfection of Rat-1 by Tax. Only a minority of Tax-expressing clones becomes transformed as judged by the focus colony formation beyond the cell monolayer and in the soft agar. This means that during the process of cell transformation induced by Tax, some antiapoptotic signal pathways may be coincidentally activated. Among the antiapoptotic signal pathways, PI3K/Akt is an attractive candidate because it is essential for tumorigenicity, particularly for the malignant transformation of ®broblasts. In the present study, we established Tax transformation-positive and -negative Rat-1 cell clones in which the PI3K signal pathway activation was observed to be involved in the cell transformation induced by Tax.
Results

Establishment and identification of stable transfectants
A model has been established for investigating the correlation of Tax function with transformation; namely, the transformation of the ®broblast Rat-1 cell is induced by distinct Tax-expressing constructs (Yamaoka et al., 1996) . Stable transfectants of wildtype Tax, Tax mutants M47 and M148, as well as the empty vector Neo, were established by a selection using geneticin G418. Western immunoblotting of Tax showed that the Tax, M47, and M148 cells express Tax ( Figure 1A ), but the Neo cells, which are constructed with a vehicle cassette containing antineomycin but without any form of tax, do not express Tax. We selected the Tax-expressing clones M148-6, M47-7 and Tax-5, which express the Tax to a roughly equal extent, and further identi®ed their characteristics by transient transfection with the following plasmids: the HTLV-I LTR-Luc, in which luciferase activity is driven by the transcription of Tax-activated HTLV-I LTR ( Figure 1B ) and the Igk-Luc, which contains three repeated kB binding sites and its luciferase activity is driven by the binding of Tax-activated NFkB ( Figure 1C ). Consistent with ®nding in our previous report (Yamaoka et al., 1996) , the Tax mutant M148 fails to activate NF-kB but retains the ability of wildtype Tax to activate the HTLV-I LTR, whereas the M47 exerts an eect opposite that of M148. Figure 2A ). The supershift of NFkB by using antibodies against p65 and p50 con®rmed that the NF-kB is a heterodimer mainly composed of RelA and p50 (Figure 2A ). When the Tax and M47 cells were treated with 100 nM of wortmannin for 8 h in a 10% FBS medium, under which the cells grew well and with no appreciable signs of death during the wortmannin treatment, however, the NF-kB activation in both types of cells was markedly suppressed ( Figure  2B ). Further, NF-kB leuciferase assay showed that the Tax-or M47-activated NF-kB was signi®cantly inhibited by the treatment with the wortmannin ( Figure  2C ). This observation indicated that PI3K activation could be related to the activation of NF-kB induced by Tax.
Wortmannin blocks the transformation of Rat-1 cells induced by Tax
It has been demonstrated that the NF-kB activation is necessary for the Tax-induced transformation of Rat-1 cells. We investigated whether the inhibition of Taxinduced NF-kB activation by wortmannin could result in the suppression of Tax-induced transformation of Rat-1 cells. As shown in Figure 3 , the four identi®ed transfectants have distinct morphologies before and after con¯uence. Before con¯uence, the Tax and M47 cells were prone to swirling, whereas the Neo and M148 cells grow with as much spreading as possible (photographs not shown). After con¯uence, the Neo and M148 cells showed contact inhibition (Figure 3 , Neo-1 and M148-6). In contrast, the Tax and M47 cells piled up and formed colonies beyond the cell monolayer, a malignant phenotype of transformation ( Figure 3 , Tax-5 and M47-7). The Tax and M47 clones can form colony foci in soft agar, as described in our previous reports (Yamaoka et al., 1996) . However, when the Tax and M47 cells were treated twice with wortmannin every 12 h before con¯uence, they failed to form colonies beyond the cellular monolayer ( Figure 3 , Tax-5+wortmannin and M47-7+wortmannin). These ®ndings indicate that PI3K activation may be involved in the cell transformation induced by Tax.
Increased activity of PI3K was observed in the Tax-transformed Rat-1 cells
We also undertook to measure the PI3K activity in each established cell clone. The four cell clones were simultaneously passaged, then cultured one stage further, in which small colonies that formed in the Tax-5 and M47-7 cells could be observed under a light microscope. At this period, all cells were lysed immediately and the PI3K activity in the lysate from each cell clone was determined. The results are shown in Figure 4A ,C. We found that PI3K activity was higher in the Tax and M47 cells than in the M148 and Neo cells. The increased PI3K in the former two types of cells was blocked by wortmannin. Immuno- Tax -expressing constructs and selected by 800 mg/ml of G418. Afterward, each established clone was directly lysed and 100 mg of proteins per lane were loaded onto a 10% SDS ± PAGE gel and detected with mouse monoclonal antibody against Tax. The pre-staining protein marks are shown at the left. Each cell clone at about 50% con¯uence was transiently transfected for more than 40 h with 2 mg DNA plasmid of HTLV-I LTR-Luc (B) or Igk-Luc (C), plus 1 mg of pCMVb-gal plasmid. FuGENE TM 6 Transfection Reagent was utilized for this purpose. The transfection procedure and the luciferase activity determination are described in Materials and methods. Luciferase activity in each sample was normalized with the pCMVb-gal plasmid. The results are represented as the mean+s.e.m. of ®ve separate assays precipitation ± Western blot for detection of the amount of PI3K, parallel to the PI3K kinase assay, showed that nearly equivalent amounts of PI3K in each tested cell were used for the PI3K kinase assay ( Figure 4B ). We observed that the formed colonies in Tax-transformed Rat-1 clones are not in®nitely enlarging; the prolonged culture made the enlarging colonies disappear instead of forming a cluster of dead cells. In this phase, the increased activity of PI3K in the Tax and M47 cells was not observed (data not shown). These ®ndings demonstrate that the activated PI3K is coincidentally required for cell transformation induced by Tax.
Increased PI5K activity is not related to the cell transformation induced by Tax
Given that wortmannin is not a special inhibitor for PI3K at high concentration, for example more than 1 mM, it is also able to inhibit the PI5K activity (data not shown). We investigated whether the suppression of Tax-induced transformation of Rat-1 cells by wortmannin could be the cumulative consequence of complete inhibition of PI3K and partial inhibition of PI5K. Subsequently, the PI5K and PI4K activities in each cell clone were detected. The lysate of each cell clone parallel to that used for the PI3K assay was Ig -Luc
(
Figure 2 Wortmannin inhibited the NF-kB activation in the Tax-transformed clones. The cell clones were passaged at the same time and cultured up to con¯uence (A). The Tax and M47 cells, prior to reaching con¯uence, were treated with 100 nM of wortmannin for 6 h or left untreated (B) . The cells of each tested group were collected by EDTA-trypsin digestion and subjected to nuclear protein extraction. Supershift assay of the p65 or p50 subunit of NF-kB by using the appropriate antibody is shown as indicated. Competition assay (com) was performed by adding a 50-fold molar excess of NF-kB consensus to the binding buer containing the nuclear protein of Tax-5 cells prior to the addition of the 32 P-labeled probe. Luciferase assay for monitoring the in vivo activation of NF-kB was performed as described in Figure 1 , excepting the pretreatment with 100 nM wortmannin for 6 h before determination of the luciferase activity (C). The DNA binding activity of NF-kB was measured as described in Materials and methods. The results represent as the the mean+s.e.m. of three separate experiments Oncogene Active PI3K/Akt in Tax-transformed fibroblasts Y Liu et al used for the determination of PI4K and PI5K by using PI and PI4P as respective substrates. Elevated PI5K activity was discovered in the cells of Tax, M47, and M148, as compared to that in the Neo cell ( Figure 5B ,C). By contrast, the PI4K activity in each cell clone was not markedly varied ( Figure 5A ). Although the Tax transformation-de®cient mutant M148 lacks the ability to transform Rat-1 cells, but it still retains, in part, the ability to stimulate growth; the M148 cells proliferated after con¯uence at higher cell densities than those of the Neo cells (data not shown). This may account for the higher PI5K activity present in the M148 cells. Note that, because of the presence of PI in commercial PI4P, the PI4K products were observed in the PI5K assay when PI4P was used as the substrate for PI5K.
HPLC identification of the production of PI3K and PI5K
In order to con®rm the above results, the products of PI3K, PI4K, and PI5K on the TLC plate were scraped and subjected to HPLC analysis. By an analytic procedure described previously (Serunian et al., 1991) , the elution time of PI3P from the PI3K products was 27.0 min; 2 min earlier than that of the PI4P from the PI4K products (Figure 6 ). The elution time of PI4,5P 2 Neo-1 M148-6 M47-7 Tax-5 M47-7+ wortmannin Tax-5+wortmannin 
Increased activity of PI3K was observed in Taxtransformed clones. The cell clones were passaged at the same time and at equivalent cell numbers, and cultured overnight. Afterward, the cells were treated twice before reaching con¯uence with 100 nM of wortmanning at 12 h intervals or left untreated, and cultured continuously up to a stage at which the colonies emerging in the Tax and M47 cells were just perceivable under a light microscopy. In this period, all cell clones were harvested directly using a cell lysis buer, and the lysate of each sample containing equivalent proteins was used for immunoprecipitation with a p85 polyclonal antiserum of PI3K. After extensive washing, the pellet was divided in two, and half of the pellet was then subjected to PI3K assay (A), while the other half was resolved by 10% SDS ± PAGE (B). The increases of PI3K activity relative to that in the vector Neo cell are shown in (C). Results are represented as the mean+s.e.m. of three dierent experiments Active PI3K/Akt in Tax-transformed fibroblasts Y Liu et al from the PI5K products was 60.0 min (Figure 6 ), according to our system of analysis. All of the HPLC results are consistent with those in previous report (Serunian et al., 1991; Mori et al., 1999) , and thus provide supportive evidence for the identi®cation of the TLC results.
The activation of Akt is present in the Tax-transformed clones
The protein kinase PKB/Akt has previously been shown to be a ubiquitous target of PI3K in a variety of dierent contexts (Datta et al., 1999) . We further discovered that the Akt is constitutively phosphorylated in the Tax-transformed clones Tax-5, Tax-8, and M47-7, but not in the clones of the M148, which is defective in cell transformation, or in the Neo cells ( Figure 7A ). The phosphorylated Akt (phospho-Akt), which indicates the activated form of Akt, correlates with the activation of PI3K because the wortmannin had eliminated the phosphorylation of Akt in the Taxtransformed clones Tax-5, Tax-8, and M47-7 ( Figure  7A ). Parallel to the cells used for the detection of phospho-Akt and Akt, these cells were examined for the eect of the wortmannin on the expression of Tax and IKKg. As shown Figure 7B ,C, the wortmannin did not aect the expression of Tax or IKKg in all Taxexpressing clones tested ( Figure 7B ), although a slight decrease of IKKg expression in clones of M148, Tax-8, and M47-7 was observed. However the decrease did not appear in the clone Tax-5, and it was not reproducible in repeated experiments. Also, the wortmannin did not aect the interaction of Tax with IKKg ( Figure 7D ). Thus, we concluded that the Akt activation is PI3K-dependent and not related to the expression of Tax or IKKg and the interaction between Tax and IKKg. 
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Neo M148 M47 Tax Figure 5 Increased activity of PI5K appeared in the Taxexpressing clones. The lysate of each cell clone parallel to that used for the PI3K assay described in Figure 4 was directly used for either the PI4K (A) or the PI5K (B) assay, which was conducted as described in Meterials and methods. Figure 6 Identi®cation of the products of PI3K, PI4K, and PI5K by HPLC. The particular polyphosphoinositide spot on the TLC plate was excised and subjected to deacylation for HPLC analysis. The separation was achieved using a strong anion exchange column of 5 mM Supherisorb SAX and a shallow, discontinuous (NH 4 ) 2 HPO 4 gradient, as detailed in Materials and methods. Fractions of HPLC were collected every 0.5 min around the elution time of the labeled standard PI4P or PI4,5P 2 . The c.p.m. of the collected fraction versus the elution time was plotted PI3K activation is essential for the transformation of Rat-1 induced by Tax
In a representative selection, we initially selected Taxhighly-expressing clones by using Western blot. Among 30 clones we picked up, 16 clones expressed Tax protein highly and showed higher NF-kB activity as judged by EMSA. At the same time, we observed whether these 16 clones could form focal colonies on the cell monolayer. As a result, only ®ve clones formed the focal colonies and showed higher PI3K activity, which is approximately 1.8 ± 3.5-fold higher than that of the others. We found that these ®ve clones also formed foci in the soft agar with a higher eciency than did those clones that failed to form such focal colonies on the cell monolayer. We call the Tax-highlyexpressing clone that is incapable of forming focal colonies on the cell monolayer a Tax-nontransformed clone. Comparison between the Tax-transformed andnontransformed clones shows that PI3K kinase activity and phosphorylated Akt in Tax-nontransformed clones did not increase as compared to levels in the vector Neo (Table 1 ). The constitutively increased DNA binding activity of NF-kB in the Tax-nontransformed clone measured before the cells had reached up to 100% con¯uence, as compared to the vector Neo cells, largely decreased or disappeared after the cells had reached complete con¯uence. By contrast, the Taxtransformed clones, as compared to the vector Neo cells, showed increased PI3K kinase activity, Akt phosphorylation, and DNA binding activity of NFkB before and after complete con¯uence. Moreover, the activation of PI3K and Akt was apparently observed even after the cells had reached up complete con¯uence. This result suggests that the NF-kB activation is necessary but insucient for, and the coincident activation of PI3K/Akt signaling pathway is also required for the Tax-induced transformation of Rat-1 cells. To further con®rming this conclusion, we used an expressing construct of active form of the catalytic subunit of PI3K, myristoylated p110a (Myrp110), to transiently transfect the Tax-nontransformed clone. As shown in Figure 8 , after being transfected for about 48 h with the Myr-p110a, the Tax-nontransformed clone, as compared to itself without transfection, apparently exhibited the malignantly transformed feature of colony formation on the culture dish. This result further demonstrated that the activation of the PI3K signaling pathway is required for the transformation of Rat-1 cells induced by Tax.
Higher polyphosphoinositide turnover and PI3K and PI5K activities in the HTLV-I-infected T cell line MT2
We found that the HTLV-I-infected T cell line MT2 shows a higher polyphosphoinositide turnover than that of the HTLV-I-negative T cell line, Jurkat or the Tax-unexpressing cell line, MT1 ( Figure 9A,B) . The higher polyphosphoinositide turnover indicates higher in vivo activity of PI3K and PI5K in the MT2 cells. It is known that the preferential substrate of PI3K in vivo is the PI4,5P 2 , the product of PI5K (Gehrmann and Heilmeyer, 1998; Loijens et al., 1996) . Therefore, the in vivo higher PI3K activity generally requires a higher activity of PI5K, possibly including higher activity of PI4K due to the demand for the substrate PI4,5P 2 . Consistent with the higher polyphosphoinositide turnover, the in vitro activities of PI3K and PI5K are increased in the MT2 cells as compared to the Jurkat Figure 7 Phosphorylated Akt present in the Tax-transformed clones was inhibited by wortmannin. Each clone before reaching con¯uence was treated with 100 nM of wortmannin for 6 h or left untreated, and then harvested by directly lysing the cells in the culture dish with a sample buer. The supernatant of each sample was divided into three; one-third was used for Western-blot using phospho-Akt antibody (A, top panel), and one-third for Westernblot using total Akt antibody (A, bottom panel). The cells parallel to those used for the detection of Akt were treated with wortmannin according to the same procedure used for the Akt and then lysed with a lysis buer. Fifty or 100 mg of proteins per lane were loaded onto a 10% SDS ± PAGE gel for the detection of the Tax (B) or IKKg (C) by Western immunoblotting, respectively. Four hundred mg of proteins contained in the same cell lysate used in B and C were immunoprecipitated by Tax antibody, and the immunoprecipitate was detected by antiserum against IKKg (D). The results represent three separate experiments and MT1 cells ( Figure 9C,D) . We also examined the Tax gene expression and found that the MT2 cell, but not the Jurkat and MT1 cells expresses the Tax mRNA as measured by RT ± PCR ( Figure 9E ).
Discussion
It has been demonstrated that ®broblast transformation induced by oncoproteins including v-Abl (Skorski et al., 1997) , v-Crk (Akagi et al., 2000) , v-Src (Penuel and Martin, 1999) , Ras (Osada et al., 1999) and polyomavirus middle T antigen (Webster et al., 1998) requires the activation of the PI3K signaling pathway, which relays signals to promote cell proliferation and survival. The crucial role of PI3K activation in cell malignant transformation is further identi®ed by the in vivo evidence from mice transgenic for the active form of PI3K, p65
PI3K
. The mice expressing p65 PI3K in the T lymphocytes developed an in®ltrating lymphoproliferative disorder characterized by increased number and reduced apoptosis of the T lymphocytes exhibiting a memory phenotype (Borlado et al., 2000) . This pathology was strikingly similar to that described in human T lymphocytes infected by HTLV-I and ®nally transformed into malignant leukemia cells. We separated the T lymphocytes from patients with adult T-cell leukemia (ATL) and cultured these cells in vitro for more than 6 months, up to a stage of immortalization or full transformation. We found that a higher activity of PI3K in the immortalized or transformed ATL cell than in the HTLV-I-negative human T-cell line MoltB4 (paper in preparation). This ®nding prompted us to examine whether activation of the PI3K signal pathway is required for the cell transformation induced by the putative oncoprotein Tax.
To start with, we selected transformation-positive and -negative cell clone by the stable transfection of ®broblast Rat-1 cells with the expressing constructs of Tax or its function-de®cient mutants, M148 and M47. Under light microscopy, transformed and nontransformed clones are distinguishable based on colony formation beyond the cell monolayer after cell con¯uence. Consistent with previous results (Yamaoka et al., 1996) , Tax and M47 can transform ®broblast Rat-1 cells, whereas M148 and vector Neo cannot. Correspondingly, the Tax and M47 cells exhibit high DNA binding activity of NF-kB, which is inhibited by wortmannin exposure to these cells. The inhibition of NF-kB by wortmannin is accompanied by the suppression of the Tax-or M47-induced cell transformation. Further investigations demonstrate that the increased activities of both PI3K and its downstream target Akt are present in the Tax and M47 cells but not in the M148 or vector Neo cells. The markedly increased PI3K activity was observed during the period in which colony formation beyond the cell monolayer took place, but not during the period when the formed colonies disappeared due to cell death after prolonged culturing. This phenomenon indicated that the activation of PI3K/Akt signal pathway, by virtue of promoting cell proliferation and preventing the colony forming cells beyond the cellular monolayer from apoptosis, facilitates the cell malignant transformation induced by Tax. Further evidence con®rming the involvement of the PI3K signaling pathway in Tax-induced transformation of Rat-1 cells includes the data demonstrating that M148, a + Myr-p110 Myr-p110α α - Figure 8 Myristoylated p110a of PI3K transfers a Tax-nontransformed cell to a transformed cell. A Tax-nontransformed clone was passaged at an equivalent cell number overnight. On the next day, the cells reaching approximately 50% con¯uence were transfected with 2 mg of of Myr-p110a-expressing plasmid or left untransfected (Panel, -Myr-p110a), by using SuperFect reagents (QIAGEN) as described in the protocol instructions. After 3 h transfection, the cells were washed once with PBS and continuously incubated. The colony formation was appreciable under light microscopy after transfection for about 2 days (Panel, +Myr-p110a) The transformation or untransformation of Tax-expressing clones was determined by the transforming feature of colony formation beyond the cell monolayer. The increased activity relative to the vector Neo cells or the expression of these indicated parameters was scored arbitrarily based on the results obtained from more than 6-time selection of Tax-expressing clones. p-Akt, phosphorylated Akt transformation-de®cient mutant of Tax, does not activate NF-kB, PI3K, or Akt; whereas M47, a transformation-active mutant of Tax, yields an eect completely opposite that of M148. Moreover, this conclusion is favored by other data showing that a Tax-nontransformed clone after being transfected with myristoylated p110a, an active form of catalytic subunit of PI3K, became transformed, and that the HTLV-I-transformed T-cell line MT2 exhibited higher in vivo polyphosphoinositide turnover than that of the HTLV-I-negative cell Jurkat. The increased activity of both PI3K and Akt in the Tax-transformed clones is consistent with the previous observation that an active p110a of PI3K transfected into 3Y1 rat embryo ®broblasts and into chicken embryo ®broblasts is essential for cell transformation (Klippel et al., 1998; Aoki et al., 2000) . In addition, the cooperation of constitutively active Ras, which is capable of binding to and activating the PI3K for cell survival (Kaumann-Zeh et al., 1997), with Tax for chicken embryo ®broblast transformation (Pozzatti et al., 1990) implies that the PI3K/Akt pathway activation likely contributes to cell transformation.
PI4K and PI5K phosphorylate the hydroxyl groups at the D4 and D5 positions on the inositol ring of phosphatidylionositide, respectively and generate PI4P and PI4,5P 2 , respectively (Gehrmann and Heilmeyer, 1998; Loijens et al., 1996) . The latter serves as the in vivo preferential substrate for PI3K, and plays essential roles in cytoskeleton rearrangement, secretion, vesicular tracking, and mitogenesis (Gehrmann and Heilmeyer, 1998; Loijens et al., 1996) . The higher activity of PI4K and PI5K in tumor tissues implies that they play some roles in the promotion of cell proliferation (Rizzo and Weber, 1994; Singhal et al., 1994) . In our system of analysis, higher activity of PI5K was detected in the Tax, M47, and M148 cells than in the vector Neo cells. The increased PI5K activity was not unique in the period of colony formation of the Tax and M47 cells. These ®ndings suggested that the PI5K activation contributed to the proliferative promotion rather than to the transforming potentiation of Rat-1 cells induced by Tax. This point is supported by our other ®ndings that higher activity of PI5K is also present in both HTLV-I-transformed (cell growth independent of exogenous IL-2) and- Jurkat, MT1, and MT2 cells growing up to log-growth phase were divided into three at equivalent cell numbers and equilibrated for 30 min in an incubator before incorporation with 100 mCi/ml of [ 32 P]-phosphorus for the indicated time. The steps for polyphosphoinositide analysis were performed as described in Materials and methods. (B) The band corresponding to the PI4,5P 2 on the TLC plate of (A) was scraped in order to quantify the c.p.m. of each group. The 2 h incorporation experiment of the three types of cells was conducted in triplicate and shown in (B) as mean+s.e.m. The kinase activity of PI3K (C) and PI5K (D) and RT ± PCR showing the Tax-mRNA expression in the MT2 cell (E) were determined as described in Materials and methods immortalized (cell growth dependent on exogenous IL-2) human T lymphocytes from ATL patients, as compared to that in an HTLV-I-negative T cell line (paper in preparation).
It has been demonstrated that the NF-kB activation by Tax is necessary for the Tax-induced transformation of Rat-1 cells (Yamaoka et al., 1996) . The NF-kB activation by Tax is accomplished by a serial activation from Tax-recruited IKKg, involving Tax-IKK complex formation, to phoshorylated IkB degradation (Chu et al., 1999; Harhaj and Sun, 1999; Jin et al., 1999) . However it is unclear whether it is this pathway for NFkB activation that contributes the persistent activation of NF-kB observed in HTLV-I-transformed human T lymphocytes. It is known that the persistent (i.e., not transient) activation of NF-kB plays a crucial role in the Tax-induced cell transformation. We found that Tax transforms the ®broblast Rat-1 cells with a low eciency. The majority of Tax-expressing cells did not show a persistent activation of NF-kB based on the ®nding that the DNA binding activity of NF-kB measured before these cells reached complete con¯uence largely decreases or disappears after these cells reach complete con¯uence. Therefore, it is reasonable that the colony formation beyond the cell monolayer cannot be seen in such Tax-expressing but -nontransformed clones (Table 1) . By contrast, in Tax-transformed clones based on the colony formation beyond the cell monolayer, the NF-kB activation is persistent because its DNA binding activity is not or is less aected by the con¯uent status of cells. Comparison of Tax-transformed clones with Taxnontransformed clones shows that they dier in the activation of the PI3K/Akt signal pathway; the Taxtransformed clones exhibit an increased activity of PI3K and a high phosphorylation of Akt (Table 1) , whereas the Tax-nontransformed clones do not. The activation of PI3K/Akt signal pathway may contribute to the persistent activation of NF-kB, which allows the Taxtransformed cells to continue to grow so rapidly that they pile up on the cellular monolayer, feature suggestive of a malignant tumor, although the cells have reached complete con¯uence. This speculation is supported by recent ®ndings that the activation of the PI3K/Akt pathway is involved in the NF-kB activation via a mechanism in which the phosphorylated Akt directly phosphorylates the p65 subunit of NF-kB (BeÂ raud et al., 1999; Madrid et al., 2000) , resulting in the transcription of cellular genes involved in cell growth. In addition, the activated Akt was also discovered to activate NF-kB at the level of degradation of IkB by cotransfection assays of Jurkat cells (Kane et al., 1999) . Also, some studies have demonstrated that the active Akt directly phosphorylates IKKa for NF-kB activation (Ozes et al., 1999; Romashkova and Marakov, 1999) .
Given that wortmannin abolishes the activation of Akt ( Figure 7A ) and partially suppresses the NF-kB activation observed in the Tax-transformed and particularly in the M47-transformed clones ( Figure  2B ), we consider that the Akt activation is PI3K activity-dependent and contributes at least partially to the NF-kB activation. Thus, in Tax-transformed clones, at least two pathways correlate with the activation of NF-kB; one is the Tax-IKK-NF-kB pathway, the other is the PI3K-Akt-NF-kB pathway. The combination of the former pathway with latter pathway may contribute to the persistent activation of NF-kB, which is essential for cell transformation. Undoubtedly, the PI3K/Akt pathway activation is a consequence of the transfection of the Rat-1 cell with the Tax-expressing construct. However, once the PI3K/ Akt pathway is activated, it may cast o the in¯uence of Tax expression possibly including the in¯uence from the Tax-IKK-NF-kB pathway, given that wortmannin did not aect the expression of Tax or IKKg and the interaction of Tax with IKKg ( Figure 7B,C,D) . Although it is as yet unclear how the PI3K/Akt signaling pathway is activated in the process of Tax transfection and expression, our ®ndings create new avenues for elucidating the molecular mechanism whereby Tax transforms cells into a tumor.
Materials and methods
Materials
Monoclonal mouse IgG against PKBa/Akt was purchased from Transduction Laboratories (Lexington, KY, USA). Polyclonal rabbit IgG against phospho-Akt (phosphorylating site at Ser-473) was obtained from New England Biolabs (Beverly, MA, USA). Polyclonal rabbit antiserum against a p85 subunit of PI3K and PI3K myristoylated p110 cDNA and pUSEamp were purchased from Upstate Biotechnology (Lake Placid, NY, USA). Antibody against a p50 or p65 subunit of NF-kB, NF-kB concensus oligonucleotide, and a luciferase assay kit were obtained from Promega (Madison, WI, USA). Protein G-agarose for immunoprecipitation was obtain from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Wortmannin and phospholipid standards of phosphatidylinositol-4-phosphate (PI4P) and phosphatidylinositol-4,5-bisphosphate (PI4,5P 2 ) were obtained from Sigma (St. Louis, MO, USA). [g- . The expressing plasmids of wild-type tax, its mutants m148 and m319, and vector neo were designated as pH2Rwtax, pH2Rm148, pH2Rm319, and pH2Rneo (Yamaoka et al., 1996) , respectively; herein they are correspondingly denoted as tax, m148, m47, and neo. Geneticin disulfate (G418) and all other reagents were purchased from Wako Pure Chemical Industrial, Ltd. (Tokyo, Japan).
Cell culture and transfection of expressing constructs
The rat ®broblast Rat-1 cells were maintained in a low glucose DMEM medium supplemented with 10% fetal bovine serum (FBS). The cells were passaged at equivalent cell numbers into a 6-well plastic culture plate 16 h before transfection. After reaching up to about 50% con¯uence, the cells were transfected for about 40 h in 10% FBS of the medium with 2 mg of each plasmid; each plasmid had been preincubated for 30 min with 100 ml of the serum-free medium containing 6 ml of FuGENE TM 6 Transfection Reagent (Boehringer-Mannheim). The stable transfectants were selected by 800 mg/ml of G418 contained in 10% FBS of the medium. The Tax-and M47-expressing cell clones, denoted as Tax cells and M47 cells, were selected primarily by their ability to form colonies beyond the cell monolayer after they had reached up con¯uence; the selection was veri®ed further by Western blot using a mouse monoclonal antibody against Tax. The M148-expressing cell clone, denoted as M148 cells, has a similar morphology to the vector Neo cells, and is selected by Western blot using antiTax antibody. These cell clones were transiently transfected with 2 mg of HTLV-I LTR transcription-driven (HTLV-I LTR-Luc) or NF-kB activation-driven (Igk-Luc) luciferase reporter plasmid, plus 1 mg of an internal b-galactosidaseexpressing plasmid (pCMVb-gal), by the same procedure as that of stable transfection except in the case for the measurement of luciferase activity, which was conducted according to the protocol of the luciferase assay kit. The results of the transient transfection were normalized with those of the pCMVb-gal plasmid by a b-gal colorimetric assay followed by spectrophotometric quantitation (Promega).
Electrophoresis mobility shift assay (EMSA)
EMSA was conducted essentially according to the protocol of the Gel Shift Assay System (Promega). Nuclear extracts were prepared as described previously (Kitajima et al., 1992) . Treated and untreated cells were lysed with buer A (10 mM HEPES, pH 7.9, 1.5 mM MgC1 2 , 10 mM KC1, 1 mM DTT, 1 mM PMSF, 0.6% NP-40). Nuclear lysate was prepared using buer B 20 mM HEPES, pH 7.9, 550 mM NaC1, 1.5 mM MgC1 2 , 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF and 10 mg/ml of each proteinase inhibitor of aprotinin, pepstatin, and leupeptin). The nuclear extracts were obtained by centrifugation at 17 500 g for 15 min and subjected to protein determination. Double-stranded deoxyoligo nucleotides containing the NF-kB consensus precognition site (5'-AGTTGAGGGGACTTTCCCAGG-3') were end-labeled with g-32 P-ATP using T4 polynucleotide kinase (Pharmacia, Piscataway, NJ, USA). 7.5 mg of nuclear proteins were incubated with 0.2 mg/ml of poly (dI-dC) in binding buer (5 mM MgC1 2 , 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaC1, 50 mM Tris-HC1, pH 7.5, 20% glycerol) for 20 min at room temperature after addition of the labeled probe. Competition assays were conducted with a 50-fold molar excess of the unlabeled probe. For the supershift assay, speci®c antibody against a p50 or p65 subunit of NF-kB was used. The intensity of DNA/protein complex bands was measured by the PhosphoImage System (FUJIX BAS 1000, Tokyo, Japan).
Western blot
Each clone, before or after it had reached up to 100% con¯uence, was washed twice with phosphate-balanced saline (PBS) containing 1 mM Na 3 VO 4 , and lysed directly in a 60 mm culture dish with lysis buer (20 mM Tris-HC1, pH 7.4, 150 mM NaC1, 1 mM EDTA, 1 mM EGTA, 2 mM DTT, 2 mM Na 3 VO 4 , 1 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1% Triton-X100). Following centrifugation at 17 500 g for 10 min, the supernatant containing 50 or 100 mg of proteins was loaded onto a 10% SDS ± PAGE gel for detection of IKKg or Tax, respectively. For detection of phospho-Akt and Akt, 100 ml of SDS sample buer containing DTT was directly added to the 60 mm dish. The cells were immediately scraped o the dish, transferred to a microfuge tube, sonicated for 10 ± 15 s, and boiled at 95 ± 1008C for 5 min. After centrifugation at 17 500 g for 10 min, the sample was divided into three; one-third of the sample was loaded onto a 10% SDS ± PAGE gel for the Western immunoblotting of phospho-Akt, and one-third of the sample was loaded onto another 10% SDS ± PAGE gel for the Western immunoblotting of Akt.
Polyphosphoinositide kinase assays and turnover PI3K assays were performed as described previously with a slight modi®cation (Fukui et al., 1989; Serunian et al., 1991) . In brief, each stable transfectant was lysed with lysis buer (20 mM Tris-HC1, pH 7.4, 137 mM NaC1, 1 mM CaC1 2 1 mM Na 3 VO 4 , 1 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1% Nonidet P-40) after it had been washed twice with PBS. The supernatant was obtained by centrifuging the lystate at 17 500 g for 10 min. Eight hundred mg of protein were used for immunoprecipitation, which was performed by a consecutive incubation with 5 ml original antiserum against the p85 subunit of PI3K overnight, and with protein Gagarose for 2 h. The immunoprecipitates were washed sequentially three times with PBS containing 1% Nonidet P-40 and 1 mM Na 3 VO 4 , three times with 100 mM Tris-HC1 plus 5 mM LiC1, and twice with kinase assay buer composed of 10 mM Tris-HC1, pH 7.4, 150 mM NaC1, and 5 mM EDTA. Immunoprecipitates were then dissolved in 45 ml kinase assay buer. Twenty mg of PI, sonicated in substrate buer (20 mM Tris-HC1, pH 7.4, 100 mM NaC1, and 1 mM EGTA), were utilized as the substrate for PI3K. The kinase reaction was initiated by adding 10 ml of phosphorylation buer (0.88 mM ATP, 20 mM MgC1 2 , and 1 mCi/ml [g-32 P]ATP); this reaction lasted for at least 20 min at room temperature and was terminated by the addition of 20 ml of 6N HC1. The lipids were extracted by addition of 160 ml of 1 : 1 chloroform/methanol. The organic phase was collected, dried in a concentrator, dissolved in 30 ml of 1 : 1 chloroform/methanol, and dropped onto a TLC plate after the plate had been baked for 1 h at 1108C. The lipids were separated under a developing system of 48/40/10/5 methanol/ chloroform/water/concentrated NH3 (v/v). The polyphosphoinositide was quanti®ed by using a PhosphoImager (FUJIX BAS 1000).
The PI4K and PI5K assays were conducted essentially according to the same procedure as that used for the PI3K assay, except that the lysates containing 10 and 40 mg proteins were directly used for the PI4K and PI5K assays, respectively. The PI3K kinase assay buer contained 200 mM adenosine, which inhibited the activity of PI4K; the PI4K and PI5K kinase assay buers contained 0.3% Nonidet P-40, which inhibited PI3K activity (Carpenter and Cantley, 1990) .
Polyphosphoinositide turnover was conducted as previously described with some modi®cations (Ferrell and Huestis, 1984) . The tested cells were suspended at a concentration of 3610 6 /ml in 5 ml, 10% FBS of RPMI-1640 medium. After a 30 min equilibrium in the incubator, 100 mCi/ml [ 32 P]-phosphorus was added. The cells were continuously incubated at 378C for the indicated time and then washed once with saline containing 2 mM EDTA. The entire cell pellet was extracted with 8/4/3 (v/v) chloroform/methanol/water (total 7.5 ml). The aqueous phase (approximate 3 ml) was reserved, washed once with chloroform, and extracted again with 4.5 ml of 100:50:1 (v/v) chloroform/methanol/concentrated HC1. The organic phase was collected, dried under a stream of nitrogen, and dissolved in 30 ml of 1 : 1 chloroform/ methanol. The lipids were separated and quanti®ed as described in the polyphosphatidylinositide kinase assay.
HPLC analysis
The polyphosphoinositide products on the TLC plate were excised, deacylated, and analysed by HPLC as described in detail elsewhere (Serunian et al., 1991) . Separation was achieved using a strong anion exchange column of 5 mM Supherisorb SAX (Whaters, Supelco, Inc. USA) and a shallow, discontinuous (NH 4 ) 2 HPO 4 gradient, as detailed in a previous report (Serunian et al., 1991) . The labeled PI4P and PI4,5P 2 standards were deacylated at the same time; HPLC was conducted to monitor their elution time.
Fractions of HPLC were collected every 0.50 min, around the elution time of the labeled standard PI4P or P14,5P 2 , and the c.p.m. was determined for each collected fraction.
Reverse transcription (RT) ± PCR analysis of HTLV-I tax/rex mRNA
The tax mRNA expression in the HTLV-I-infected T cell line MT2 was analysed completely as detailed in our previous report (Kitajima et al., 1991 (Kitajima et al., , 1997 .
